Approximately 70% of breast cancers (BCs) express estrogen receptor alpha (ERα) and are treated with endocrine therapy. However, the effectiveness of this therapy is limited by innate or acquired resistance in approximately one-third of patients. Activating mutations in the ESR1 gene that encodes ERα promote critical resistance mechanisms. Here, we developed a high sensitivity approach based on enhanced-ice-COLD-PCR for detecting ESR1 mutations. The method produced an enrichment up to 100-fold and allowed the unambiguous detection of ESR1 mutations even when they consisted of only 0.01% of the total ESR1 allelic fraction. After COLD-PCR enrichment, methods based on nextgeneration sequencing or droplet-digital PCR were employed to detect and quantify ESR1 mutations. We applied the method to detect ESR1 mutations in circulating free DNA from the plasma of 56 patients with metastatic ER-positive BC. Fifteen of these patients were found to have ESR1 mutations at codons 536-538. This study demonstrates the utility of the enhanced-ice-COLD-PCR approach for simplifying and improving the detection of ESR1 tumor mutations in liquid biopsies. Because of its high sensitivity, the approach may potentially be applicable to patients with non-metastatic disease.
metastatic disease 6 . It is thus essential to detect these mutations as soon as possible to select the best therapeutic options.
Tissue biopsy is generally not a suitable approach for the frequent monitoring of disease because the invasive nature of the required procedures; moreover, mutation could be missed because of tumor heterogeneity. These limitations can be overcome by a liquid biopsy approach, based on analysis of circulating cell-free DNA (cfDNA) to monitor patients with advanced cancer during clinical follow-up. Such patients have cfDNA that is often enriched with tumor DNA (ctDNA), which makes it possible to pinpoint genetic or epigenetic changes that are present in tumor cells [7] [8] [9] . Assessing ctDNA is minimally invasive and, more importantly, can detect mutations from hidden metastases and genetically heterogeneous tumors.
The technical challenges of this type of analysis are related to the low amount of cfDNA present in plasma as well as the low proportion of ctDNA. Therefore, high sensitivity of detection is essential. Several studies have been published in recent years using next-generation sequencing (NGS), real-time PCR, or droplet digital PCR (ddPCR) to perform liquid biopsy tests aimed at revealing specific cancer-associated changes in cfDNA [10] [11] [12] [13] [14] . Some of these studies have been aimed at identifying ESR1 mutations in the cfDNA of patients with endocrine-resistant breast cancer 4, [15] [16] [17] [18] [19] .
To improve the sensitivity of mutation detection, methods have been developed to enrich low-frequency allelic variants (COLD-PCR and its derivatives) [20] [21] [22] . In particular, such approaches have been reported to enrich the BRAF and KRAS variants associated with cancer 21, 23 . In this study, we developed an enhanced-ice-COLD-PCR (E-ice-COLD-PCR)-based method for the enrichment of ESR1 gene mutations at codons 536-538. We demonstrated that the use of this approach consistently improved detection of ESR1 alterations compared to other currently employed methods. We tested this approach in a large group of patients with metastatic BC to investigate its potential clinical applicability.
Results

ESR1 gene mutations in primary and metastatic breast cancer lesions.
With the aim of establishing a sensitive method for the detection of ESR1 mutations in cfDNA, we identified ESR1 mutant alleles by investigating tumor tissue samples from a cohort of 40 patients with metastatic BC ( Table 1 ). All patients were diagnosed with ER+ BC and treated with endocrine therapy. None of the patients had metastasis at diagnosis. Primary tumor samples (N = 40) and metastatic lesions (N = 47) were from matched patients. In these samples, we examined mutations to codons 536-538 of the ESR1 gene using Sanger sequencing. We identified ESR1 mutations in 6 metastases (none of which were in primary tumors): Y537S was found in 3 samples, D538G in 2 samples, and Y537C in 1 (Table 1) .
DNA samples with ESR1 mutations were employed to develop a method for the specific enrichment of mutant alleles present in the ESR1 536-538 codons. Based on the E-ice-COLD-PCR method 21, 23, 24 , we designed primers for PCR amplification as well as a partially overlapping oligonucleotide blocker ( Fig. 1a,b ). The blocker was designed to include Locked nucleic acid (LNA) modified-nucleotides at the putative mutant codons and a phosphate group at the 3′-end to block its extension. The melting temperature of the blocker was 81.7 °C if matched to a wildtype sequence, but lower (77.2 °C for Y537S) if a mutation was present (Fig. 1c ). The different melting temperatures functioned to block or limit the amplification of the wildtype sequence and thereby favor the enrichment of any present mutant allele.
To test the ability of the method to enrich mutant alleles, DNA from mutant samples (Y537S, Y537C, and D538G) was diluted in normal DNA to achieve allelic frequencies of 1% and 0.5%. After performing E-ice-COLD-PCR, amplicons were analyzed by NGS to measure the achieved frequency of mutation. All 3 mutations were found to be considerably enriched (9-70-fold) . No mutated ESR1 was amplified in SW480 colorectal cancer cell DNA, which was used as a negative control ( Table 2 ). The concentration of the blocker that produced the highest Y537S mutation enrichment was 80 nM (Supplementary Figure 1) .
After demonstrating the potential of the method to increase the frequency of ESR1 mutant alleles, we next evaluated its lower limit of detection by designing fluorescent probes capable of discriminating the Y537S mutant from wild type DNA. We serially diluted the Y537S mutant DNA in normal DNA; the smallest dilution was 0.005% (1 mutant among 20,000 molecules). All dilutions were subjected to E-ice-COLD-PCR in duplicate, and the resultant amplicons were quantified by droplet-digital PCR (ddPCR) using fluorescence-specific probes for either the Y537S or wild type allele. The mutant allele was detected at a minimum original dilution of 0.01% (i.e., detected at 1%, with 100-fold enrichment) after the application of E-ice-COLD-PCR ( Fig. 2 ).
ESR1 gene mutation in plasma of breast cancer patients.
To test the assay in a clinical setting, we analyzed DNA from the plasma of 56 patients with metastatic ER+ breast cancer. We performed E-ice-COLD amplification in the hotspot region of the ESR1 gene. The resulting amplicons were analyzed using both ddPCR (for the Y537S variant) and NGS for all mutation types. Overall, 15 patients (27%) were found to have a mutation in codons 536-538 (Table 3 and Supplementary Figure 2 ). The results for the detection of the Y537S variant obtained with both methods were consistent (Table 3) . Additionally, the experiment also proved that specificity of the method of detection based on ddPCR labeled-probe was 100%, since not only negative samples remained negative but also mutants other than Y537S ESR1 were negative when assayed for the Y537S mutation.
In 6 patients (S-26, S-27, S-28, S-31, S-51, and S-60), tumor and metastasis tissues were available among samples initially analyzed for the mutational status of ESR1. Four of these patients (S-26, S-27, S-28, and S-60) did not show any ESR1 mutation, while the remaining 2 patients (S-31 and S-51) showed mutations in samples derived from metastases. Analysis of the corresponding cfDNA revealed what follows: in 3 cases, the results were consistent in that 2 patients (S-27 and S-60) had no mutations while 1 (S-31) had the same mutation in both the metastasis and cfDNA (Y537S). In the remaining 3 cases, 2 patients (S-26 and S-28) exhibited ESR1 mutations in their cfDNA but not in the original metastasis biopsy, while the remaining patient (S-51) exhibited the opposite situation. Patient S-26 had a markedly long interval between biopsy and blood withdrawal. In this patient, multiple blood samplings made it possible to monitor the evolution of the cancer's status over time. Analysis of metastatic tissue and liquid biopsy samples collected in the spring of 2015 showed that both samples were negative for ESR1 mutations. One year later (May 2016), the liquid biopsy was positive for the ESR1 Y537S mutation. The patient was administered letrozole therapy between Spring 2015 and Spring 2016, raising the possibility that this therapy was responsible for selecting the mutant neoplastic clone ( Fig. 3) .
For patient S-28, a similar situation can be envisioned, since 33 months had elapsed between the liver metastasis biopsy (October 2013) and blood withdrawal (May 2016). Considering that the patient underwent several consecutive lines of endocrine therapy, it is plausible that the ESR1 mutation was not detectable in October 2013 but was subsequently selected.
Patient S-51 showed an opposite pattern: the liquid biopsy obtained in September 2016 was mutation-negative, while the metastasis as evaluated in December 2013 was positive for the Y537C mutation. The patient was administered AIs until December 2013, and was on fulvestrant therapy starting from January 2014, suggesting that the latter was effective in eliminating cells with ESR1 mutations.
Discussion
In recent years, liquid biopsy technology has evolved rapidly because of its great potential and minimal invasiveness. cfDNA can be used to monitor the evolution of mutations associated with neoplastic disease in real time, reflecting subclonal dynamics linked to the heterogeneity of neoplasms or the development of new cancer cell clones and metastases 25 .
However, technical challenges that are mainly related to the small amount of cancer DNA found in cfDNA remain. The use of technologies, such as NGS and ddPCR, partially overcome this problem and allow for the detection of mutations that are present in DNA at fractions as low as 1%. Such technologies have also been used to detect ESR1 mutations in metastatic BC 15, 17, 19, [26] [27] [28] . However, the sensitivity of these technologies is dependent on the quality and quantity of DNA isolated from plasma, making difficult to identify mutations that are present at very low frequencies. Methods aimed at enriching mutant alleles are aimed at overcoming this limitation; to that end, E-ice-COLD-PCR was developed for the enrichment of mutated KRAS and BRAF 21, 23 .
In the present study, we employed NGS or ddPCR methods for the detection of mutant ESR1 alleles after performing an E-ice-COLD-PCR approach, designed to enrich ESR1 mutations at codons 536-538. The ESR1 region was suitable for this type of approach because most of the mutations of interest fall within a small region of 9 nucleotides where the oligonucleotide blocker was designed. E-ice-COLD-PCR was able to enrich mutant ESR1 alleles up to 100-fold, enabling mutations to be detected even if present at only 0.01% in the initial sample. By using this strategy, we could detect ESR1 alterations in cfDNA at a sensitivity that could not be achieved by any of the currently employed approaches 4, [15] [16] [17] [18] [19] , which can reveal the presence of ESR1 mutations in cfDNA at allelic frequencies generally greater than 5%, with few cases showing mutant allele frequencies at 1-2%, a limit that is mainly related to the high error rates at detection frequencies below 1%. One additional advantage of this approach, compared to using ddPCR or NGS alone, is in the interpretation of the results. The approach makes easier to distinguish positive samples from background noise, even in cases of low-frequency mutations, thus allowing the attainment of clear results also in challenging samples with low frequency alterations or little cfDNA. By applying the approach to the analysis of clinical samples, we demonstrated the efficacy of our method by detecting ESR1 mutations in the plasma DNA of patients with metastatic BC. From the analysis of 56 cfDNAs, we found different ESR1 mutations (L536H, Y537S, D538G, Y537N, Y537H and L536Q) in 15 samples (27% of the total). This confirmed that our method, coupled with NGS, is effective in enriching and detecting all possible alterations present in ESR1 codons 536-538 without requiring prior knowledge of these alterations.
Notably, ESR1 mutations were more frequently detected in cfDNA than in biopsies (27% vs. 15%, respectively). Similar results were also obtained in previous studies 18, 27 , and the ESR1 mutation frequency in our investigation was consistent with that reported in a similar study 2 , suggesting that the analysis of tissue biopsies cannot fully represent the heterogeneity of primary tumors or of metastatic lesions; rather, such heterogeneity is more faithfully represented in the ctDNA present in plasma.
In 6 of the patients, it was possible to analyze and compare the mutational status of ESR1 in both metastatic samples and cfDNA. In other cases, either patient was not alive, precluding the possibility to obtain plasma samples, or only primary tumor biopsy was available. Data from matched biopsies and cfDNAs revealed identical results in 3 patients, but exhibited heterogeneity in the other 3. In the 2 patients (S-28 and S-26) who showed a wildtype ESR1 according to biopsies but a mutated gene in cfDNAs, the differences were related to the heterogeneity of the tumor sample, or the evolution of the neoplasm over time. Such evolution was clearly shown for patient S-26, where the appearance of the ESR1 mutation was observed over the 1-year period while the patient was on AIs. Conversely, patient S-51 showed a Y537C mutation in her metastasis biopsy sample, but not in cfDNA that was obtained approximately 3 years later. This patient was treated with fulvestrant during that period, presumably leading to the elimination of the mutant subclone, consistent with the evidence that the Y537C mutation has a modest effect in inducing resistance to fulvestrant and AZD9496 29 . These results illustrate the clinical benefits of cfDNA analysis to monitor ESR1 gene mutation status in patients with BC. As opposed to single biopsies, cfDNA analysis allows the observation of multiclonal evolution across all lesions.
In conclusion, we report a new approach for a highly sensitive detection of mutations at ESR1 codons 536-538 in plasma DNA. The method is highly sensitive and specific and can achieve the detection of mutant alleles even when tiny amounts of ctDNA is present in plasma. Here, we have shown that this liquid biopsy approach could be used to monitor patients with metastatic ER+ BC and follow their disease in real time in order to eventually adjust therapies. Given its high sensitivity, this method can also potentially be applied to the monitoring of ER+ non-metastatic BC patients for the early detection of tumor clones that develop resistance to endocrine therapy.
Materials and Methods
Patients. Primary tumors and their matched metastases were collected from 40 patients with ER+ metastatic breast cancer who underwent surgical excision of their tumors between 2000 and 2015 at the St. Anna Hospital (Ferrara, Italy). The clinicopathological features of the patients are summarized in Table 1 . None of the patients had metastases at diagnosis; however, all patients developed metastasis and recurrence during the course of endocrine therapy. Pathological features were all assessed at the Clinical Pathology Unit of the St. Anna Hospital (Ferrara, Italy) using standard criteria.
Plasma samples were collected from 56 ER+ metastatic breast cancer patients. Among these, 6 were from the first cohort of 40 patients. The study protocol was approved by the Comitato Etico Unico della Provincia di Ferrara ethical committee, and written informed consent was obtained from all patients. All participants included in the study were anonymized by using sample identifiers that could not be associated with any individual. DNA extraction. Archival formalin-fixed and paraffin-embedded (FFPE) tissue blocks were retrieved, whereupon 10 μm sections were stained with hematoxylin and eosin and were then macrodissected to obtain Figure 2 . Sensitivity of ESR1 enhanced-ice-COLD-PCR assay. Y537S alteration was diluted in wild type DNA to attain mutation fractions ranging from 10% to 0.005%. All dilutions and SW480 cell wild type DNA were subjected to enhanced-ice-COLD-PCR followed by droplet digital PCR analysis. The detected Y537S fractional abundance was enriched 100-fold compared to the initial abundance in templates, allow the detection of the Y537S mutation at a 0.01% dilution (i.e., 1 mutant in 10,000 molecules). >70% of the tumor. DNA was extracted from 2 sections of 10 μm using the Maxwell rapid sample concentrator (RSC) instrument (Promega) and Maxwell RSC DNA FFPE kit (Promega), following the manufacturer's instructions. We collected 5 mL of blood in EDTA tubes and processed within 4 hours. Plasma was prepared by centrifugation at 1,000 g for 10 min and stored at −80 °C. DNA was extracted from 1 mL of plasma using the Maxwell RSC instrument (Promega) and Maxwell RSC ccfDNA plasma kit (Promega), according to the manufacturer's instructions. DNA was quantified using the Qubit dsDNA HS Assay Kit (Thermo Fisher) on the Qubit 2.0 Fluorimeter (Thermo Fisher Scientific). Capillary Sequencing. Sanger sequencing was performed by IGA Technology Services (Udine, Italy) according to standard procedures. Amplicons were generated using the following primers: ESR1_192F: GCTCGGGTTGGCTCTAAAGT and ESR1_192R: CTTTGGTCCGTCTCCTCCA. Sequences for both the forward and reverse strands were obtained.
E-ice-COLD-PCR.
Primers for E-ice-COLD-PCR were as follows: ESR1_109F: AGTCCTTTCTGTG TCTTCCCA and ESR1_109R: TCCAGCATCTCCAGCAGC, which amplified a 109 bp PCR product. The oligonucleotides were synthesized by Integrated DNA Technologies (IDT). The 28-nucleotides locked nucleic acid (LNA) blocker had the following sequence (LNA nucleotides are marked with a + ; 3Phos is a phosphate group added to the 3′ end of the molecule): ESR1_28_AS_LNA: AGCATCTCCAGCAGCAGG+T+CA+T+AGAGGG/3Phos/. The blocker was synthesized by Exiqon (Denmark). The reverse primer (ESR1_109R) and LNA-blocker had an overlap of 15 nucleotides. Theoretical melting temperatures of LNA-blocker/wild-type ESR1 and LNA-blocker/ mutated ESR1 duplex were determined by using the IDT Biophysics calculator (Integrated DNA Technologies, http://biophysics.idtdna.com/). E-ice-COLD-PCR was performed in duplicate on 10 ng of genomic DNA from tissues or on 6 μL of cfDNA (from 1 to 10 ng, mean = 2.95 ng, median = 1.8 ng) in a 12.5 μL reaction composed of 1 × Precision Melt Supermix (Bio-rad Laboratories), 100 nM of each primer ESR1_109F and ESR1_109R, and 80 nM ESR1_28_AS_LNA. The reaction was performed on a CFX real-time thermocycler (Bio-Rad), using the following protocol: 2 minutes at 95 °C, 6 cycles of pre-amplification (10 seconds at 95 °C, 30 seconds at 59 °C, and 30 seconds at 72 °C), 49 cycles of the E-ice-COLD-PCR protocol (10 seconds at 95 °C, 30 seconds at 70 °C, 20 seconds at the critical temperature of 80.3 °C, 30 seconds at 59 °C, and 10 seconds at 72 °C), and a final melting curve analysis from 65 °C to 95 °C (5 acquisitions per degree).
ddPCR. ddPCR was used to evaluate the frequency of Y537S mutations in genomic DNA or E-ice-COLD amplicons. Fluorescent LNA-probes specific for Y537S (56-FAM/CCC+CT+C+T+C+TGAC/3IABkFQ) and wildtype ESR1 (5HEX/C+CT+C+T+ATG+A+CC/3IABkFQ) sequences were designed and synthesized by IDT (LNA nucleotides are marked with a + ). Droplet digital PCR reactions were set up in a multiplex assay in 20 μL using 1 × ddPCR Supermix as probes (Bio-Rad), 450 nM of each primer ESR1_109F and ESR1_109R, 100 nM of each probe for Y537S and wildtype ESR1, and 20 ng of genomic DNA or 10 -7 -diluted E-ice-COLD-PCR amplicons as templates. Emulsions were created by using a QX200 droplet generator (Bio-Rad), according to the manufacturer's instructions. Emulsified PCRs were run on a T100 thermal cycler (Bio-Rad) using the following settings: 10 minutes at 95 °C, 40 cycles of amplification (30 seconds at 94 °C, 1 minute at 59 °C, and 10 minutes at 98 °C) setting the temperature ramp increment to 2 °C/second for all steps. Samples were read on a Bio-Rad QX200 droplet reader (Bio-Rad) with QuantaSoft v1.7.4.0917 software (Bio-Rad). The fraction of Y537S mutations was calculated considering the number of Y537S-positive droplets/total number of positive droplets.
NGS. NGS using an Ion Torrent Personal Genome Machine (PGM) was performed to evaluate the frequency of ESR1 mutations in FFPE genomic DNA and E-ice-COLD amplicons. Ten nanograms of FFPE genomic DNA were first amplified using Accuprime Taq DNA polymerase (Thermo Fisher Scientific) in a 10 μL reaction using ESR1_109F and ESR1_109R primers (400 nM final, each). ESR1 amplicons from each sample were linked to Ion Torrent-specific oligonucleotide motifs to prepare the sample library. Equimolar amounts of each library were pooled and sequencing was performed using an Ion PGM Hi-Q Sequencing Kit (Thermo Fisher Scientific) on an Ion 314 chip, according to the manufacturer's protocol. Sequencing data analysis was performed as previously described 30 . A sequencing depth of at least 1,500 reads per segment was achieved.
